Modern ultrasound scanners estimate the blood velocity by tracking the movement of the blood scatterers along the ultrasound beam. This is done by emitting pulsed ultrasound fields and finding the shift in position from pulse to pulse by correlating the received signals. Only the velocity component along the beam direction is found, and this is a serious limitation in the current scanners, since most blood vessels are parallel to the skin surface. A method to find the velocity across the vessel has been suggested by Bonnefous system. The velocity is estimated by finding the shift in position of the blood scatterers between pulse emissions along the direction of the ultrasound beam [2]. This can be done correlating the received RF signals and then find the position by either finding the phase shift between lines or by crossof the peak in the cross-correlation function. This directly gives the displacement and thereby the velocity. Only the displacement along the ultrasound beam is found, and this is a major limitation of current systems, since the blood flow is often parallel to the skin and thereby perpendicular to the ultrasound beam.
used in a correlation estimator to find the velocity across the beam. This approach is extended in this paper by making beamforming along the direction of the flow. A fairly broad beam is emitted and the received signal is then focused along a selected direction. This direction can be along the ultrafocused lines, thus, follow the flow and a cross-correlation sound beam or across it or in any direction to the beam. The of lines from different pulses can find the movement of the blood particles between pulse emissions and, thus, the blood simulation program. Simulations are shown for a parabolic velocity. The new approach is investigated using the Field I1 velocity profile for flow-to-beam angles of 30, 45, 60, and 90 degrees using a 64 elements linear array with a center frequency of 3 MHz. a pitch of 0.3 mm, and an element height of 5 mm. The peak velocity in the parabolic flow was 0.5 m / s , pulse-echo lines, the parabolic flow profile was found with a and the pulse repetition frequency was 3.5 kHz. Using four 90 degrees (transverse to the ultrasound beam), correspondstandard deviation of 0.028 m / s at 60 degrees and 0.092 m / s at ing to accuracies of 5.6 % and 18.4 %. Using ten lines gave standard deviations of 0.021 m / s and 0.089 m / s , respectively, corresponding to accuracies of 4.2 % and 17.8 %.
system. The velocity is estimated by finding the shift in position of the blood scatterers between pulse emissions along the direction of the ultrasound beam [2]. This can be done correlating the received RF signals and then find the position by either finding the phase shift between lines or by crossof the peak in the cross-correlation function. This directly gives the displacement and thereby the velocity. Only the displacement along the ultrasound beam is found, and this is a major limitation of current systems, since the blood flow is often parallel to the skin and thereby perpendicular to the ultrasound beam.
Several approaches have attempted to remedy this deficiency. Among these are speckle tracking [3], crossed beams suggested using a number of parallel beamformers to gener- ate a signal transverse to the ultrasound beam from which the transverse velocity could be found. A single example for an entirely transverse flow was shown in [l] , but no examples for other angles were given.
ing to perform the beamforming at a number of positions This paper extends Bonnefous' idea of lateral beamformalong a line in the direction of the flow vector. This makes it possible to find the flow at all angles and not only along or across the ultrasound beam. A beam focused orthogonal to the ultrasound beam will be influenced by the distribution of velocities as illustrated in Fig. 1 . The beams will give a sigcan be determined by the cross correlation estimator. Tilting nal integrated over the velocity profile, and no unique velocity the beams to follow the flow as in Fig. 2 makes it possible to uniquely identify the flow velocity. This is the approach taken in this paper. The flow angle is currently used in the approach and it must be set manually by the user as in traditional scanning.
Theory 1 Introduction
Medical ultrasound systems are widely used for displaying a beam emission and multiple foci lines in reception. This can M is the number of focus points in the line.
The lateral focusing line is calculated during reception by The time it takes the ultrasound pulse to propagate from delaying and adding responses from the individual elements element i to the focus point j and hack to element i is the line by determining the time it takes for the ultrasound 
Measurement principle
This section derives a mathematical model of the lateral beam
The figure shows a multi-element transducer with N eleapproach. The measurement situation is depicted in Fig. 3 . The shift in lateral position can then be calculated from the two cycle pulse was used and the pulse repetition frequency cross-correlation of two consecutive signals Sl[j] and Sz[j]: was 3.5 kHz. A plug flow with a velocity equal to v = 0.5 m / s and 5000 point scatterers was simulated. The center of the ,-"
where Rll(n) is the autocorrelation function of Sl [j] . The shift in position is then determined by the index of the peak of the cross-correlation function where A/ is the lateral sampling interval. The crosscorrelation can be improved by averaging over several estivessel was placed at a depth of 30 mm and the diameter of the vessel was 10 mm. The beamforming was here done orthogonal to the ultraformed. The axial and transverse velocities were both estisound beam, so that no tilting of the focusing line was permated using the cross-correlation approach. The axial time shift was estimated first and then used for off-setting the data eliminated by compensating for the axial time shift.
for the orthogonal beamforming, so the axial motion was Figure 4 shows the result of the simulations. The scatterer patterns were generated for seven different angles between the vessel and the axial beam. The received signals were found for 20 shoots. The cross-correlation estimator used 4 consecutive lines and this gave a total of 16 estimates for each velocity value. The dashed arrows point to ,l-l
( m e a n ( Q ) z = The estimates proved to be very close to the real velocities (see Table 1 ). The values for the axial velocity v^; were very close to the true velocity and the maximum standard deviation for Oz, found for 0 = 30", had a value of 0.0015 &S. . .
Results for a parabolic profile
Once the cross-correlation function is calculated and aver-esclmates.
aged over a number of focusing lines, the index of the maximum is obtained and interpolated to increase the velocity resolution. The interpolation was done by fitting a parabola to the cross-correlation function around the maximum [91. The velocity is calculated by
The total error in the velocity estimation is given by the mean and the standard deviation of the difference between the true and the estimated velocity profile as shown in Table 2 . The values are for the estimates using 4 lines. The results are calculated for a different cross-section distance for each v = ---N where n;,, is the interpolated index. where n;,, is the interpolated index. The angle of the flow must be entered into the estimator in order to generate the flow beams, and this is a major drawback of the approach. It can, however, probably be estimated from the actual data by also finding the peak in the crosscorrelation as a function of angle at the expense of an increase in the number of calculations. Another improvement is to use synthetic aperture imaging to increase the focusing of the transverse beams and thereby lower the widening of the estimated profiles.
